A new approach to the simulation of a horizontal type ground heat exchanger is proposed to result in a better accuracy and at the same time a reduced computational effort. These results come from the concentration of the computational effort at the locations with the largest temperature and moisture gradients, i.e. the pipe-soil interface. Thus, the model takes into account coupled heat and moisture transfer in the unsaturated soil, allowing for more accurate predictions of the soil thermal response to the heat fluxes induced by the operation of the ground heat exchanger. This in turn allows for a more accurate prediction of the soil temperature field and the circulating fluid temperature profile. And also, the performance of a single pipe carrying warm fluid buried in a medium wet sand is described in this paper. The new coupled differential equations have been solved using the finite element method as a spatial discretization technique coupled with a finite difference relationship to describe the transient behavior by a numerical code. The time varying soil moisture concentrations and temperatures are graphically presented. As a result, it can be achieved that the soil moisture profiles develop at a slower rate than the temperature distribution functions.
Introduction
Research review in this section is divided under three main categories. The first category summarizes the findings related to the general heat and moisture diffusion in soils under different temperature gradients. The second category deals with the studies concerning the analytical or approximate solutions under simplified conditions. Admittedly, these solutions have limited potential for design application situations, nevertheless they provide a deeper insight into the moisture migration phenomena. The third category documents the performance of the buried tube heated and cooled systems under the ground.
The heat transfer in soils usually occurs by two primary modes: by simple conduction and by moisture diffusion as liquid and vapor through air filled pores. Hence, the soil temperature and the moisture concentration gradient distribution determine the rate of heat transfer. Both the temperature and moisture concentration profiles can be altered in addition to lower layer air temperature variations, by irrigation, permeation, rainfall, and etc. Two of the most commonly used approaches for describing the heat and mass transfer in unsaturated soils are: the Onsager principle pioneered by Cary and Taylor (1962) , and the physical approach developed by Philip and DeVries (1957) , DeVries (1958) and Philip (1957) . Both of these approaches behave soil as a continuum. The coupled macroscopic equations for heat and moisture diffusion for unsaturated, non-hysteretic soils have been developed by researchers using these approaches. Philip and DeVries approach is the most widely used because those formulations resemble most closely the general practical situations. Later, Schroeder (1974) and Sepaskhah (1974) have effectively used these equations in their studies. Slegel and Davis (1977) have developed equations similar to those by Philip and DeVries (1957) and moisture behavior of a unsaturated porous region under specific heat flow rate from a buried heating pipe which the characteristic features are defined as following section.
Problem statement and formulation
In a real case, the general formulation of the buried heat source problem is quite complex, even if involving evaporation-condensation processes together with gravity action, soil hysteresis, and other secondary phenomena. For the purposes of thermal analysis, it is appropriate to simplify the problem substantially by eliminating consideration of effects such as gravity, water table, and changes in interactive of surface weather conditions. The major aim here is to isolate and study the dominant physics of the problem in order to determine the major effects of mass transfer upon the heat diffusion capability of soil adjacent to the heat source. The heating source is buried in an essentially infinite, initially uniform mass of the soil.
The presented model is considered the three differentials governing equations for heat, moisture and air transfer in unsaturated porous media. The approach that parallels the development by Philip and DeVries (1957) but has a meaningful grouping of parameters. The applied formulation consists of a heat balance equation and two mass balance equation for moisture and dry air separately. The key assumptions of this model are:
-The total pressure is approximately equal to the air pressure, -Temperature gradients within the soil system are sufficiently small so that the total pressure is constant throughout the transport process, -The vapor-liquid interface is a function of temperature only, -The medium is macroscopically homogeneous, i.e., The physical characteristics are spatially constant, and do not swell with changing moisture content, -The heat flow rate per unit of pipe length is constant over a period of time and, -The heat source is considered to be a line source, i.e. very long and have an extremely small diameter. Under these assumptions, for a line heat source, the conservation equations for energy, moisture and dry air were developed in following. These equations will be applied to analyze a single subsurface pipe situation as shown in Fig.  1 . The considered system gives the temperature and moisture distribution across a given cross section. The critical cross section is at the fluid inlet during the soil heating mode. This study provides moisture migration and thermal evolution characteristics of this cross section. Initially, the soil surrounding the pipe is assumed to be at a constant temperature and with constant moisture concentration. Since the driving function is the fluid temperature, it is assumed to be axisymmetric, i.e., fluid temperature has no circumferential variation. Based on these conditions, the governing equations could be presented as follows. By indicating the internal heat source flow as q in , the energy balance in a differential form of unsaturated porous media around the buried heating pipe can be expressed in the following form (Jahangir and Sadrnejad, 2012) : Where, C is the volumetric heat capacity of the soil mass, , the thermal conductivity, c pw , the specific heat capacity of the water liquid, c pv , the specific heat capacity of the pore vapor, c pa , the specific heat capacity of the pore dry air and L v is the vaporization latent heat. So, in this equation, q w is the density of liquid flow rate, q vap , the density of vapor flow rate and q a is the density of dry air flow rate.
Defining of the volumetric water content as , the unsaturated thermal conductivity can be evaluated by the following proposed equation:
where, k s , k w , k v and k a denote on thermal conductivity respectively, for soil, water, vapor and pore dry air. It is noted that in the above equation, the porosity of soil mass is shown by .
It is assumed that the thermal capacity of the pipe material is sufficiently small compared with that of the circulating fluid and the soil. For this reason, it does not include the heat diffusion equation for the pipe wall. Due to the presence of low temperature gradients, the transfer of heat has been certainly attributed to both conductive and convective effects. Thus, the volumetric specific heat capacity of the whole soil mass can be defined as:
Where, c ps , is the specific heat capacity of porous media, c pw , c pv and c pa , are the specific heat capacity of water, vapor and dry air, respectively. And also in above mentioned formula, s is the soil density,  w , the liquid water density,  v , the vapor density of the pore water vapor and  a is the density of pore dry air.
Liquid transfer in porous media is defined by Darcy's Law, which relates with the water content and temperature gradient as shown in the form of below:
Where, D w is the isothermal diffusivity of water and D Tw is the water's thermal diffusivity which can be defined as:
It must be noted that the isothermal water diffusivity is a function of the retention curve, whereas the thermal water diffusivity just depends on the thermal changes of matric suction. Similar to the liquid flow, the vapor flow is calculated from Fick's equation considering the effects of both the vapor pressure and air pressure driving potentials:
In above relations, D v is the isothermal diffusivity of vapor and D Tv is the vapor's thermal diffusivity which is obtained as below:
Where, D atm is the molecular diffusivity of the pore vapor in the air, , the tortuosity factor of the soil (i.e.,  ), , the cross-sectional area of the soil that is available for the vapor flow (i.e., (1-S r ) that S r is the saturation degree),  o , the density of saturated water vapor, RH, the relative humidity, g, the acceleration of gravity, R, the universal gas constant, and T is the absolute temperature. The pore moisture is composed of the pore liquid water and the pore vapor. Thus, the governing partial differential equation for moisture flow can now be defined in terms of material parameters as as (Jahangir and Sadrnejad, 2012) :
Where,C Tl is the volumetric thermal capacity of the moisture flow and C l is the volumetric isothermal capacity of the moisture. As the same definition, D Tl and D l are respectively the thermal and isothermal moisture diffusivities and K is the unsaturated hydraulic coefficient for the soil mass. These material parameters can be defined in the forms as below:
and ) (
It must be considered that in the presented model, the air transport is individually considered through the dry air mass balance. In this way, the dry air conservation equation can be expressed as (Jahangir and Sadrnejad, 2012) :
Where, C Ta is the thermal capacity of dry air due to the temperature gradients, C a , the isothermal capacity of the pore dry air, C Pa , non-isobar heat capacity of the pore dry air. And so, D Ta is the thermal pore dry air diffusivity, D a , the isothermal pore dry air diffusivity, D Pa , the non-isobar dry air diffusivity. By a few analytical operations, these mentioned thermal properties can be calculated as:
Where, H is the Henry's volumetric coefficient, M a , the molecular mass of dry air, P a , the pore dry air pressure and K a is the hydraulic conductivity of air in unsaturated condition.
The mass flux of the pore air due to the air pressure gradient can be computed by applying the generalized form of Darcy's law for multiphase flow, therefore, ignoring gravitational effects, the mass flux is given as:
Where, D Pa , the non-isobar dry air diffusivity is already defined in above (Eq. 11). Ultimately, the governing equations of transient, simultaneous heat and mass transfer in the soil regions can be rewritten in terms of the three driving potentials of temperature, volumetric water content and dry air pressure as below:
Where, C T and C  are the volumetric thermal and isothermal capacity of the soil mass, as well D T and D  are respectively the thermal and isothermal diffusion coefficients of it, and also K T and K  are the unsaturated thermal and isothermal conductivity and K P is the non-isobar pore dry air conductivity. Analytically, these mentioned thermal parameters can be achieved in the forms as below:
, and
Hence, all three balanced equations are driven by gradients in volume water content and dry-air pressure as well as those in temperature. The boundary conditions for the pipe-soil interface consist of some specific conditions of the heat and moisture transfer. Both the fluid and the soil initial temperatures can be either calculated from the empirical formulas, or determined by the field measurement. It is assumed that, at the startup of the system, the circulating fluid temperature is equal to the undisturbed soil temperature at a given depth.
Numerical case
In order to simulate the performance of the heating pipe buried in unsaturated soils with the presented model, it is required to solve the coupled system of Eq. 13 for the circulating fluid temperature. This procedure results in the set of three simultaneous heat and mass transfer equations that need to be solved for the entire soil domain shown in Fig. 1 , what requires a considerable computing effort for a full scale installation. However, this procedure can be further simplified without a significant loss of accuracy, it can be demonstrated that the heat transfer rate to or from the pipe is dictated by a relatively small region of soil around the pipe, where the biggest temperature gradient occurs (Piechowski, 1996) . Taking advantage of the experimental observation that the steepest temperature gradient exists within the region of approximately 0.25m away from the pipe, we assume that the most significant moisture content changes will be limited to this region. It is therefore proposed to limit the heat and mass transfer analysis of this region only, thus significantly reducing the computational burden without remodeling the accuracy while still preserving the essential meaning of the physical processes taking place.
The values of system parameters considered in this study are given in Table 1 . The effect of these parameters on temperature and moisture concentration changes will be evaluated in the following section. Only soil drying is considered herein, an equally important problem of rewetting of soil for air cooling conditions is recognized but is not addressed in this paper. The performance of the soil as a heat storage system will be studied for an input parameter by changing in the temperature variable, i.e., for the positive internal heat rate defined as (q in ). 
Verification
Before starting to evaluate of the field thermal distribution and moisture movement in unsaturated soil, it is necessary to verify the operation of the obtained formulation by a simple example. Thus, for a buried heating pipe under a sandy soil with specific internal heat rate (q in =20W/m 2 ), the value of soil moisture () is compared with those established by other researchers (Puri, 1982) . Of course, the operating mode of the inner heat source is defined in the form of extracting which occurs in 24 hours. The other initial parameters and thermal properties are considered according to the specifications which is shown in following figure and presented in Table 1 . According to Fig. 2 , an acceptable adaptation of the soil moisture changes is achieved in comparison with the experimental data points obtained by Puri (1982) based on the preceding model of Philip and DeVries (1957) . As it is shown in this figure, the deflection percentage of the analytical result from the corresponding data is about 1.7 for the maximum value. However, the presented model could be discussed about the thermal behavior too, but for the above condition, the isothermal result is exist only. By this verification test, it could be started to study of the influence of the soil temperature and moisture and specific heat flow rate in different operating modes in the followings.
Results and discussion
For a given step change in temperature value of a heat flow rate of 100W/m 2 from buried tube, and prescribed initial conditions, the system approach the steady state temperature distribution values in less than 24 hours. The development of temperature profile for a typical case of  o =20% and T o =20°C is shown on Fig. 3 ; whereas, the soil moisture profiles continue to grow and approach to dry-condition in about 24 hours as shown in Fig. 4 , for  o =20% and T o =20°C. Therefore, the elapsed time for the soil moisture on profiles to reach the steady-state form in value is longer than the temperature profiles. In other words, the rate of change in the soil moisture concentration function is slower than the temperature changes. For example, at the end of 24 h, the absolute change in the soil temperature and moisture close to the pipe is about 113% rising and 77% reducing, respectively. But, this is not unexpected in reality, because if one calculates the ratio of thermal and moisture diffusivities within the range of the used variables in Table 1 , this ratio is on the order of 2-3. In the following sections, the effect of each variable of the earth-tube system is quantified and discussed from a practical standpoint. Some data are available in the literature for a heat source tube system only considering the temperature distribution. Since, this is certainly more complex than a single tube systems, it was thought that if the thermal situation does indicate drying of soil in the pipe vicinity, it will provide the necessary rationale for analyzing the more involved parameters of the heating soil mass. 3 to 6. These plots are for the same Internal heat rate (q in ), and identical boundary and soil temperature initial conditions. Since, in a constant volume ratio of void to the soil mass, the thermal conductivity decreases with moisture, so a higher moisture in soil conducts heat more slowly. Therefore, temperature profiles develop faster in lower moisture of soil than higher ones. For example, at the end of hour 24, the values of soil temperature are 24.5° and 23.5°C respectively for 20% and 30% moist. This is graphically illustrated in Figs. 3 and 5, it can be observed that the soil temperature values at the end of a given time for 30% moisture soil are lower than 20% moisture soil. This important observation suggests a means for improving soil storage system performance. For the same soil temperature level, a soil with lower moisture content will have superior performance for heat preserving. Therefore, any techniques which decrease soil moisture concentration without changing temperature gradients should be implemented. For the same step input of 20°C, the variation in soil moisture profiles was studied with  o values of 30% and 20% (Figs. 4 and 6 ). The soils with lower initial moisture concentration resulted in a more rapid change in volumetric water content at the pipe vicinity. For example, at the end of hour 2, the moisture concentration beside the pipe vicinity had dropped by 8.5% and 12.5% of initial soil moisture content of 30% and 20%, respectively. And also, for a distance of 25cm far from the heat source, at the end of the 24 hours, the moisture dropped by 48.3% and 72.5%, respectively. Although, the moisture diffused slower in the higher values, the absolute moisture concentration value was consistently higher.
The effect of heat flow rate, q in
The heat flow rate (q in ) conducting through the subsurface pipe is one of the key system variables. For a given set of fixed initial conditions, i.e.,  o , T o , and geometry, it is expected that dry out (moisture migration away from the tube) near the pipe will be more rapid for higher values of q in . The developing heat flow rate profiles in the pipe vicinity for q in values of 100 and 150W/m 2 are shown in Figs. 5, 6, 7 and 8. The temperature profiles grow more rapidly for higher q in value of 150W/m 2 compared to those of 100W/m 2 , as seen in Figs. 5 and 7. This is because the higher heat flow rate implies higher rate of thermal growth. A study of the moisture evolution profiles indicated that at the end of 24 hours the moisture concentration in the vicinity of the pipe had dropped from 30% to 8.5% and below it (see Fig. 8 ) with q in of 150W/m 2 . This is a significant observation, it suggests that soils may result in dry core formation around the tube after an extended operation. Dry core is usually assumed when moisture in the pipe vicinity has dropped below 15% (Philip and DeVries, 1957; DeVries, 1958; Philip, 1975) . In practice, this situation should be avoided as it can reduce the heat transfer effectiveness of the earth-tube system by reducing the soil thermal conductivity. 
Initial soil temperature, T o
The initial soil temperature (T o ) is the other main variable. This variable should help in the proper depth selection for giving operating characteristics. Soil temperature is a function of soil depth, therefore, diurnal, seasonal and annual variations have to be considered in the soil storage system design. Figs. 5 and 9 show the effect of different soil temperatures on developing temperature profiles. Because of the isothermal capacity coefficient, C  depends on the temperature, a main part of the heat capacity of the soil mass is related to initial temperature. Thus, the curves indicate that the soils with higher initial temperature are faster in heat conducting. As it is shown in Fig. 10 , the moisture profile comparative study showed that at the end of the 2 hours, the moisture concentration had dropped by about 7% in the pipe vicinity for initial temperature of 30°C as well as for T o =20°C, and at the end of 24 hours after, this value was 46% for approximately both of them. Thus, it is considered that increasing in initial temperature does not significantly affect on thermal characteristics. 
Conclusions
In this work, a new approach to modeling of a buried heating pipe as ground heat exchanger was presented. The proposed relations result in an increased accuracy of the heat and moisture transfer model and at the same time offers a considerable reduction in the simulation time. In the porous domain, the differential governing equations has been based on driving potentials of temperature, moist air pressure and volumetric water content gradients, while, in the air domain, a separate approach has been considered for modeling the heat and mass transfer through the soil cavity. The coupled differential equations have been solved using the finite element method as a spatial discretization technique coupled with a finite difference relationship to describe transient behavior. This was achieved by concentrating the computational effort at the pipe-soil interface where the changes in both the temperature and moisture gradients are the most significant.
The finite element analysis of a single pipe earth-tube system for plain field type sand subject to the assumptions given the problem statement and formulation section lead to the following conclusions:
-For the same thermal conditions, the isothermal properties such as soil moisture concentration in value, develop faster by decreasing the initial water content.
-By increasing the heat exchanged rate of heating sources, up to 50%, the temperature profiles grow more rapidly about 25% and also the moisture content drops faster into dry situation.
-Increasing in initial soil temperature, can improve the conducting characteristics of porous media in reaching to the higher thermal profiles, but the moisture flux rate raises equally to extend the dry zone.  =30%,  =0.5.
